Abstract. The torsional vibration model of single tooth meshing gear pair based on the lumped parameter method has been established, and its analytical solution has been obtained in the meantime. The similar models, which include two single tooth rigid gears and a pair of spring and damper, have been constructed in MSC.Adams and ANSYS Workbench. Compared with the theoretical results, the simulation results from Adams and Workbench shown the good consistency. The simulation results can be the start-point for solving the vibration model and numerical simulation of multi tooth meshing in software.
Introduction
Vibration is the reciprocating motion of the body through the equilibrium position or the physical quantity of the system changes in the vicinity of the average value. Vibration is one of the most common phenomena in nature [1] .
In most cases, mechanical vibration will increase the fatigue and wear of mechanical components, affecting the working performance of the machine, thereby reducing their service life.
The gear system includes the gear pair, the transmission shaft, the support bearing and the gearbox, etc. It is the most widely used power and motion transfer device in various kinds of machines and mechanical equipment. Its working performance has an important influence on the whole machine.
Consequently, the study of vibration of gear system has important significance. In this paper, we established the torsional vibration model of single tooth meshing gear pair based on the lumped parameter method, and obtained its analytical solution in the meantime. We constructed the similar models in MSC.Adams and ANSYS Workbench, which include two single tooth rigid gears and a pair of spring and damper. Compared with the theoretical results, the simulation results from Adams and Workbench shown the good consistency. The cylindrical gear system can simplify the torsional vibration system without considering the elastic deformation of the transmission shaft, bearing and gearbox. A typical model of torsional vibration of a pair of gears is shown in Figure 1 .
Establishment of Torsional Vibration Analysis Model of Gear Pair
According to the law of rotation of rigid body, the torsional vibration equations of a pair of gear pairs can be obtained based on the Figure 1 : 
Solution of Lumped Parameter Method
It is assumed that the relative displacement of two gears on the meshing line is defined as:
(3) Thus, the Eq. 1 and Eq. 2 can be expressed as Eq. 4:
where e m is the equivalent mass of gear pair,
W is the equivalent load of gear pair,
In this paper, we only consider the model of the gear pair without damping. The gears are made of plain carbon steel. The two gears have the same parameters, and they are normal meshing spur gears. Their basic parameters are shown in Table 1 . At present, there are many methods to solve the meshing synthesis stiffness of gears, this paper followed the standard GB/T 3480-1997 [3] .
The definition of the gear stiffness in the standard is the load on the meshing line required to produce 1 microns of deflection of the gear tooth at a width of 1 mm, when a pair teeth are meshing or several pairs of teeth are simultaneous meshing. The single tooth stiffness of spur gear ' c is 14N/(mm·µm).
In this model, the meshing synthesis stiffness of gear pair is:
where B is face width.
The natural frequency of torsional vibration model of gear pair is:
According to the f Eq. 5 and Eq. 7, the calculation can be obtained: the equivalent mass m e =0.1725kg, the meshing synthesis stiffness of gear pair k m =2.8×10 8 N/m. According to the Eq. 8, the natural frequency of the model can be obtained, f=6415.42Hz.
Solution of MSC.Adams
ADAMS/Linear is an integrated optional module of ADAMS. In the process of system simulation, ADAMS/Linear can linearize the nonlinear equation of the system in order to quickly calculate the natural frequency, the eigenvector and the state space matrix of the system, so that the user can be faster and more comprehensive understanding of the inherent characteristics of the system.
In ADAMS/View, the equivalent analysis model of torsional vibration of gear pair has been established by using cylinder instead of gear, as shown in Figure 2 . In the equivalent model, the two simplified gears P and G were respectively created Revolute joint with Ground to ensure that the system has 2 rotational DOF. The abstract meshing stiffness was replaced by the Translational Spring-Damper, which was connected to the two simplified gear meshing points. Firstly, the static equilibrium operation of the equivalent model is implemented by using the Simulation Control module, and then the linear mode is calculated by using the Linear module. The results are shown in Table 2 . 
Solution of Workbench
When using ANSYS Workbench for modal analysis, in most cases, the model is defined as flexible body, and the finite element technique is used to simulate the natural frequency. In order to obtain the equivalent analysis model of gear pair in Adams software, the gear pair is defined as rigid body in Workbench, spring element is established between gear meshing teeth, and then its natural frequency is solved. The detail process is as follow.
Establishment of 3D Model of Gear Pair.
Using SolidWorks software to build a three-dimensional model of single-tooth gear parts and complete the assembly of two gears, the final 3D model shown in Figure 3 . Exchange of the Model. The introduction of geometric model into ANSYS Workbench is the basis of the whole simulation analysis. In this paper, the introduction of the model is achieved through the seamless connection between SolidWorks2010 and ANSYS Workbench12.0.The seamless connection between SolidWorks and ANSYS Workbench is shown in Figure 4 , which is the print-screen taken from SolidWorks. The model imported into ANSYS by this method retains the features of the original SolidWorks model without any loss. It must be noted that the version of ANSYS deployed should be higher than the version required by SolidWorks. After the model is imported into the Workbench, the model needs to be defined further. In the Design Modeler module, create the plane where the two hypothetical meshing points are located, as shown in Figure 5 . Defining Material Properties. Before the modal analysis of the gear pair, it is necessary to define the material properties for each part. In this paper, the gears are made of ordinary carbon steel, and the properties of the materials obtained from the Mechanical Design Handbook are shown in Table 3 . Setting Boundary Conditions. First, the two gear pairs are defined as rigid bodies, and the contact pairs automatically generated by the system are removed.
Then, a spring unit is created at the plane mentioned above and its stiffness is set to 2.8×10 8 N/m. Finally, the Revolute connections are established between the outer surface of the two gears and the Ground.
Meshing. Meshing is an important and necessary process for the finite element analysis of the structure using Workbench software. Even if the gear pair is defined as a rigid body, it still need to be meshed. Using the default automatic partitioning method, we got 2 nodes and 2 units. In fact, the two gears are two mass units.
Results of Modal Analysis.
The results of modal analysis shown in Table 4 . 
Analysis and Discussion
The natural frequency data obtained by theoretical calculation and two numerical simulations are shown in Table 5 . Using the lumped parameter method to solve the natural frequency of the gear pair, a pair of tooth meshing model is simplified into a single degree of freedom system, so we can only get the first order mode.
Using two kinds of software for numerical simulation, we can get the second order natural frequency. The first frequency of gear pair system f 1 ≈ 0. It shows that the system has 0 natural frequencies, and the system has rigid motion [4] .
The value of the second frequency only has a margin of error of 0.78% compared with the theoretical results, which verifies the reliability of the numerical simulation methods.
Conclusion
Based on the theoretical analysis and the simulation in the two kinds of software, regarding the torsional vibration of the single-tooth gear pair model, the following conclusions are drawn:
(1)The lumped parameter model is a simplified ideal 1 DOF model. The model in this paper is a single degree of freedom torsion system, we can only get the first order natural frequency. The theoretical results and software simulation results are similar, the error is less than 1%, which verifies the reliability of the numerical simulation methods.
(2) In this article we set up the similar model in ADAMS and ANSYS Workbench, which composed of gears defined as rigid bodies and spring damping units. After solving the natural frequency, we found that the results of the two software are similar. It is shown that although the two kinds of software are based on different theory and algorithm, the consistency of the solution is good when it is degraded to the same model.
